In patients with subarterial ventricular septal defect (VSD), the progression of aortic regurgitation (AR) still remains unclear. This review is to identify the incidence of AR progression after VSD repair and to determine the optimal operation timing for subarterial VSD repair with or without aortic valve prolapse or AR. From January 2002 to December 2015, 103 patients who underwent subarterial VSD repair alone at our hospital were reviewed. All patients routinely underwent echocardiography (echo) performed by our pediatric cardiologists. The operative approach was through the pulmonary artery in all patients. The median age of patients at operation was 10 months (range 3 to 16.5 months). Eighty-nine patients (86.4%) underwent subarterial VSD closure before the age of 4 years. In the preoperative evaluation, 27.2% (28 patients) of the patients showed more than faint degree AR. The mean follow-up duration after VSD repair was 6.6 ± 4.0 years. In the latest follow-up echo after VSD repair, four patients had more than mild degree AR owing to aortic valve abnormalities or delayed operation period. Among them, AR progression occurred in only one patient (0.98%). Early and accurate assessment of the anatomical morphology of the aortic valve and optimal operation timing may be important to achieve better outcomes after repair and to prevent the development of aortic valve complications.
Introduction
Subarterial ventricular septal defect (VSD) is relatively common in Asians. The incidence of subarterial VSD in Asian countries accounts for approximately one-quarter of all VSD cases requiring surgical closure, which is quite rare in Western populations. Patients with subarterial VSD, due to the lack of support of the aortic valve in the absence of the infundibular septum [1] , are particularly concerned about aortic valve prolapse and aortic regurgitation (AR), which eventually tend to deform the aortic valve and could possibly result in rupture of the sinus of Valsalva in adulthood [2] [3] [4] .
For these reasons, surgical patch closure of the defect with or without concurrent aortic valve repair has been recommended as a gold standard for the treatment, but the ideal time for subarterial VSD repair still remains controversial. Some suggest that defects should be closed as soon as AR is detected or even earlier in the presence of aortic valve prolapse [1] , whereas others advice early elective closure of the defect before the development of aortic valve complications or even earlier at the time of diagnosis of subarterial VSD [2, 5] . Perhaps, the relatively low risk of cardiopulmonary bypass needs to overcome the benefits of preventing aortic valve complications [3] . There are many reviews about aortic valve complications associated with subarterial VSD, but there are limited data about AR progression after subarterial VSD repair [6, 7] .
The present study aimed to identify the incidence of AR progression after VSD repair and to determine the optimal operation timing for subarterial VSD repair with or without aortic valve prolapse or AR.
Patients and Methods

Patients
Between January 2002 and December 2015, 103 patients with subarterial VSD underwent corrective operation at Kyungpook National University Hospital. We retrospectively reviewed the clinical records, echocardiograms, operative findings, and surgical outcomes of all these patients.
The indications for surgery were rapid breathing and/or failure to thrive due to congestive heart failure, recurrent respiratory infection such as pneumonia or bronchitis due to excessive blood flow to the lung, or occurrence and/or progression of aortic valve complications such as aortic valve prolapse, AR, or other standard indications for VSD closure.
Echocardiography
All patients routinely underwent echocardiography (echo) performed by our pediatric cardiologists. Preoperative echo was performed at least once before the operation to evaluate the leaflets of the aortic valve; particularly, the right coronary cusp was carefully evaluated for the prolapse. AR was diagnosed by two-dimensional and color doppler echo in parasternal long-axis view and was graded as absent, mild (AR jet reaching just beneath the aortic valve), moderate (AR jet reaching beyond the anterior cusp of the mitral valve but not reaching the left ventricular apex), or severe (AR jet reaching the left ventricular apex) [2, 4] . Postoperative echo was performed at least once before discharge or on the first out-patient clinic follow-up in the early postoperative period, and every two or three years in the late postoperative period.
Surgical Technique
The operations were all performed by our established routine surgical method. Through the transpulmonary approach, patch closure was performed under extracorporeal circulation. Bicaval venous cannulation and the left ventricle were vented through the right superior pulmonary vein. After cross-clamping of the aorta, a cardioplegic solution was infused. At this time, the defect was exposed by vertical incision of the pulmonary artery and aortic valve prolapse was identified by visualizing through that defect.
All defects were closed with pledget-supported interrupted sutures circumferentially around the defect, including the posterior cusps of the pulmonary valve. In most of the cases, glutaraldehyde-treated autologous pericardium patches were used. The patch was designed slightly smaller than the defect to uphold the leaflets of the aortic valve. At the end of the operation primary closure of the pulmonary artery was performed.
Statistical Analysis
Continuous variables were expressed as a median and interquartile range for non-normally distributed data and mean ± standard deviation for normally distributed data. Differences between continuous variables were assessed by the Mann-Whitney U test for non-normally distributed data and unpaired t-test for normally distributed data. Categorical variables were expressed as numbers and percentages. Differences between categorical variables were assessed using the χ 2 test. The relationships between the grade of pre-and postoperative AR and the age at operation were analyzed by scatter plot. Values were considered to be statistically significant when the p-value was less than 0.05. All statistical analyses were performed using IBM SPSS version 23.0 for Windows (IBM Corp., Armonk, NY, USA).
Results
Patients' Characteristics
The patients' demographic characteristics are described in Table 1 . The median age of patients at operation was 10 months (range 3 to 16.5 months). The patients' median body weight and body surface area at the time of the operation were 9.4 kg (range 5.8 to 11.0 kg) and 0.5 m 2 (range 0.3 to 0.6 m 2 ), respectively. Their median hospital stay was 8 days (range 7 to 11 days), and postoperative hospital stay was 7 days (range 6 to 9 days). The patients had been followed for a mean 6.6 ± 4.0 years, and their mean age at the latest follow-up was 8.3 ± 5.5 years. Preoperative echocardiogram data are shown in Table 2 . Sixty-five patients (63.1%) had aortic valve prolapse. All patients only had right coronary cusp prolapse in this group. Twenty-eight (27.2%) patients had preoperative AR and their AR grade was all less than mild degree. None of the patients had severe AR. The mean size of the defect measured by echo was 5.1 ± 2.3 mm. The correlation of the grade of preoperative AR with the age at operation is demonstrated as a scatter plot in Fig. 1 .
Intraoperative outcomes are listed in Table 3 . The median clamp and pump times in the operation was 36 min (range 29 to 47.5 min) and 61 min (range 48 to 72 min), respectively. The median VSD diameter measured in the operative field was 5 mm (range 2 to 7 mm). Most of the patients (99%) used glutaraldehyde-treated autologous pericardial patch for VSD closure.
There was no operative mortality and no deaths during the hospital stay or the follow-up period. No patients required reoperation for residual VSD.
Progression of AR After Subarterial VSD Repair
The evolution of AR in the total of 103 patients, from preoperative echo to the latest echo follow-up, is demonstrated in Fig. 2 . Follow-up echo was performed immediately after the operation at a median of 6 days (range 4 to 20 days), and the latest follow-up echo was performed at a median 4 years (range 2 to 7 years).
Seventy-five patients did not have AR before the operation. Of the 28 patients who had preoperative AR, 23 and 5 patients had faint and mild degree AR, respectively. In 75 patients without AR before the operation, 14 patients developed faint degree AR postoperatively, but eventually in the latest follow-up echo, only 5 patients had faint degree AR and one patient had mild degree AR ( Fig. 2a ). Twentythree patients had preoperative faint degree AR. AR disappeared in the postoperative follow-up echo in less than half of patients, and eventually AR disappeared in the latest follow-up echo in more than 75% of patients. Unfortunately, one patient had postoperative AR progression that increased into moderate degree AR ( Fig. 2b ). Five patients showed preoperative mild degree AR. Two of the five patients had persisting mild degree AR but it did not progress at the latest follow-up echo (Fig. 2c ).
We also reviewed the association between preoperative aortic valve prolapse and progression of AR. Thirty-eight patients did not have preoperative aortic valve prolapse; of these, only 2 patients had faint degree of AR in the latest follow-up echo (Fig. 2d ). Sixty-five patients (63.1%) had aortic valve prolapse before the operation; of these, 19 patients had more than a faint degree of AR in the latest follow-up echo (Fig. 2e ).
The Influence of Age at the Operation on AR Progression
The correlation of the grade of postoperative AR with the age at operation is shown as a scatter plot in Fig. 3 . Given that a gap was seen between 3 and 4 years, we divided the patients into the following groups according to their age at operation to compare the echocardiogram data and operative outcomes between the groups: 3 years old or younger (≤ 3-year group) and older than 4 years old (> 4-year group). A significant difference was shown in the latest follow-up echo between the ≤ 3-year and > 4-year groups (p < 0.001) described in Table 4 .
Cases of Aortic Regurgitation Progression
As shown in Fig. 2 , four patients had more than mild degree AR in the latest follow-up echo. Characteristics of the four patients with AR progression are shown in Table 5 .
The first patient was a 1-month old boy who had faint degree AR in the preoperative echo. Given that the baby had congestive heart failure, VSD closure was performed. The bicuspid aortic valve was found in the intraoperative field, and the patient had regular out-patient clinic follow-up in the pediatric department. The latest follow-up echo was performed at 5 years postoperatively, which showed moderate degree AR with aortic root dilatation due to bicuspid aortic valve. Since the patient has no heart failure symptoms, he is still followed up in the out-patient clinic of the pediatric department. The latest chest X-ray examination showed no cardiomegaly.
The remaining patients were known to have VSD when they were born, but since they had no heart failure symptoms, their parents did not submit them to routine follow-up in the out-patient clinic of the pediatric department. VSD closure was performed when the children were 5, 11, and 10 years old. It seems that AR of the second patient gradually progressed from faint to mild degree AR. The AR of the third and fourth patients neither progressed nor improved, but persisted as mild degree AR.
Discussion
The results of our mid-term experience show that 89 patients (86.4%) underwent subarterial VSD closure before 4 years of age. Ninety-eight patients (95.1%) had less than faint degree AR in the preoperative echo, and which improved or at least did not progress to a more severe degree postoperatively. In this study, we evaluated the incidence of AR progression after subarterial VSD repair. All patients had less than mild degree AR immediately after VSD closure. None of the patients required aortic valve repair or any other procedure during VSD closure. Excluding the bicuspid aortic valve patient, AR progression occurred in one patient (0.98%) after VSD closure, but the postoperative 13-year follow-up echo showed no more than mild degree AR, which did not require interventions.
Amano et al. [7] also reviewed 91 patients to determine the occurrence rate and predictors of AR progression after subarterial VSD repair. Their patients' median age was 3 years (range 0 to 38 years). The incidence of late AR progression after subpulmonic infundibular VSD repair alone was 7.7%, and postoperative VSD leakage was reported as a significant risk factor. Although their outcomes were different from ours due to the different age range, they present a similar key message that aortic valve deformity may be an important risk factor for postoperative AR progression, which require early operation to prevent the development of aortic valve complications.
The complications of aortic valve are most concerned in subarterial VSD due to natural history and anatomical morphology. The lack of anatomical muscular support directly beneath the aortic valve leads to herniation of the leaflet, and the additional 'Venturi effect' created by the shunt flow during systole pulls the leaflet through the defect [4, 8] . Moreover, the tendency of the defect in subarterial VSD generally does not undergo spontaneous closure. Occasionally, the defect could be seen as a 'functionally' restrictive defect but it is actually a large defect that is covered by the prolapsing aortic valve leaflet, which could mislead or delay the treatment strategy [3] .
In our retrospective review, the proportion of patients with preoperative aortic valve prolapse was 63.1% (65 patients), regardless of the presence of preoperative AR; of these, 19 patients had more than a faint degree of AR in the latest follow-up echo. In 38 patients who had neither preoperative aortic valve prolapse nor preoperative AR, only 2 patients developed more than a faint degree of AR in the latest follow-up echo. The proportion of preoperative AR was 27.2% (28 patients), which is not more than what we have expected, and the preoperative AR degree was less than mild. We presume that, in subarterial VSD patients, surgical closure should be performed as soon as possible when AR or any abnormality on aortic valve develops, even if the patient only had aortic valve prolapse or faint degree AR without heart failure symptoms. Figure 2 and Table 5 describe the patients with mild degree AR in the latest follow-up echo. We assume that VSD closure was performed too late in these patients, and the aortic valve may have been deformed before VSD closure.
Therefore, subarterial VSD requires close monitoring from the moment of diagnosis, and early surgical closure of subarterial VSD is strongly recommended once aortic valve deformity is present and even before the onset of aortic valve deformity, as preoperative AR or aortic valve prolapse are the risk factors of postoperative residual AR or AR progression [2, [4] [5] [6] 8] . However, given that there is no definite time for elective closure of subarterial VSD, some pediatric cardiologists still delay the surgical closure and wait until an aortic valve deformity develops, which may place the child at risk for developing AR progression even after the surgical closure.
Conclusion
AR progression occurred in only one of our patients after VSD closure, which was unexpectedly low (0.98%). Moreover, 95.1% (98 patients) of the patients had less than faint degree AR in preoperative echo, showing an unexpectedly low prevalence of preoperative AR in subarterial VSD patients who underwent surgical closure. Only the patients with aortic valve abnormalities or delayed operation had AR progression or persisting more than mild degree AR. Therefore, early and accurate assessment of anatomical morphology of the aortic valve and optimal operation timing may be important to achieve better outcomes after repair and prevent the development of aortic valve complications.
Limitations
This study was limited owing to the use of retrospective data. The retrospective design of this study did not allow the comparison of the two groups of patients with similar degrees of aortic insufficiency, as the patients in one group were operated and the patients in the other group were only followed up conservatively for a while. A prospective study might not be appropriate owing to ethical reasons, because making the patients receiving conservative treatment to wait to see what happens to the aortic valve can be harmful to them; thus, a retrospective design is more appropriate for this study.
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